INTRODUCTION
Although corneal transplantations are widely used, in certain cases such as severe chemical burns and some diseases, keratoplasty has almost no chance of success.
Therefore, in these conditions, the only alternative for the patients is implantation of a keratoprosthesis. 1e3 Different materials have been used to improve keratoprosthesis, 4e10 and some of them are used in clinical treatments. 11e15 Supporting a layer of epithelial cell over the anterior surface by keratoprosthesis can lead to a successful integration into the host eye tissue. While significant advances in keratoprostheses materials and design have been made in recent years, particularly related to stromal cell anchorage, the lack of epithelialisation remains a persistent problem and has contributed to the limited success of current keratoprostheses in the long term. 8 Because of physiological inertness, low toxicity, low modulus and good mechanical properties of polydimethylsiloxane (PDMS)-based elastomers, 16 17 surface modification of this family of polymers for developing of keratoprostheses using hydrophilic monomers such as 2-hydroxyethyl methacrylate (HEMA), acrylic acid acrylic acid (AAc) and many biological derivations such as collagen has attracted great interest for many years. 7 8 16e20 Legeais et al published their results of a second-generation keratoprosthesis consisting of a peripheral element of modified microporous, hydrophilic, transparent Teflon, which was attached chemically to a soft, flexible silicone optical core coated with polyvinylpyyolidone. Disappointingly, initial in vivo studies in rabbit cornea showed no instance of epithelial adherence and growth on surface of the silicone optical core, and tissue necrosis occurred in some animals at the junction of the cornea and soft optical core. 21 As HEMA and type I collagen support corneal epithelialisation, in the present work, we report the immobilisation of type I collagen onto the modified surfaces to enhance corneal epithelial cell migration on silicone optical core keratoprosthesis.
METHODS
The silicone rubber used in this study was Silastic (MDX4-4210 Dow Corning Corporation, Midland, Michigan). The silicone was prepared as reported previously. 16 Both HEMA and AAc were redistilled under vacuum to make them free from the inhibitor.
Collagen immobilisation
The PDMS films were simultaneously modified with mixtures of HEMA and AAc using two-step oxygen plasma treatment (TSPT) as reported in our previous work. 16 The modified films (HEMA/AAc 3: 2) were used to chemically immobilise type I collagen via carboxylic groups introduced to the surface. The amount of immobilised collagen was determined by Bradford protein assay. 20 
Cell culture
The mouse L929 fibroblast cells were used as a test model in this study. A routine subculture was used to maintain the cell line. The cells were incubated in a humidified atmosphere of 5% CO 2 at 378C. After incubation, the films were removed from the incubator and washed immediately in phosphatebuffered saline. The cells were fixed and stained with 5% Giemsa for optical microscopic examination. The number of attached cells, and their areas were determined using (3200) magnification by the image-processing system (Image Pro Plus, version 1.33 
Surgery
Ten New Zealand white rabbits weighing approximately 3 kg were used in this study. Each rabbit was anaesthetised by ketamine injection. The site of the surgery was prepared with betadine solution and draped by sterile eye sheet. The lid speculum was placed, and then the ocular surface was irrigated with a balanced salt solution. The nictating membrane was retracted with 5/10 silk sutures.
An 8 mm tangential clear corneal incision, 2e3 mm anterior to the vascular arcade of limbus and nearly 50% of the corneal thickness, was carried out with a diamond knife.
The modified silicone disc was placed in this pocket with smooth forceps. The incision site was sutured with 10/10 nylon sutures, and the knots were buried within the stroma. Then, the anterior corneal stroma layer was opened with a 4 mm corneal trephine. Postoperatively, topical antibiotic eye-drops (ciprofloxacin) were instilled into the eye, three times a day for 3 weeks. The operated eyes were examined after 1, 4, 7, 10, 14, 21, 30 and 90 days. The rabbits were sacrificed at those times (1, 4, 7, 10, 14, 21, 30 and 90 days) with an overdose of sodium pentobarbital solution given intravenously. Then, the eyes were enucleated carefully and processed for histological assessment.
Histology
The enucleated eyes were immersed in formalin solution for fixation. All corneas were excised at the limbus, and the tissue processing and staining method were carried out.
Statistical analysis
The samples used in all experiments were in three replicates, and the results were given as 'mean6SD.' The unpaired Student t tests were employed for all statistical analyses using Microcal Origin 3.5 (Microcal Software, Northampton, Massachusetts).
RESULTS AND DISCUSSION Cell culture
The cellular behaviour on a biomaterial is an important factor determining the biocompatibility. The first physiological process that occurs within the initial stages of exposure is the adsorption of biomolecules onto the surface, and this is usually followed by cellular interactions. The whole process of adhesion and spreading of the cells after contact to biomaterials consists of cell attachment, growth of filopodia, cytoplasmic webbing and flattening of the cell mass, and the ruffling of peripheral cytoplasm, which progress in a sequential fashion. Thus, the static cell culture using the mouse L929 fibroblast was employed to investigate both the biocompatibility of the modified films and cell behaviour on the surface of these films.
Cell attachment
The cell attachment assay was carried out on the modified PDMS films with various amounts of grafted copolymer and immobilised collagen (the immobilised time for all samples was 24 h) after a 72 h cell culture (figure 1). According to these results, the number of the attached cells on the surface of the modified PDMS increased with increasing amount of graft up to 150 mg/cm 2 (with 22 mg/cm 2 of immobilised collagen), and then gradually decreased. According to previous studies, 22 surfaces with both very high and very low contact angles are not able to induce a proper cell attachment, growth and proliferation.
Moreover, the undesirable effects of carboxylic groups (in acrylic acids) on the cell behaviour were reported. 20 In our results (figure 1), the immobilised time for all samples was the same (24 h). 
Cell spreading
In our study, the cell spreading assay was carried out on the unmodified PDMS, oxygen plasma-treated PDMS, modified PDMS with the optimal composition (150 mg/cm 2 of graft (HEMA/AAc: 3/2) and 22 mg/cm 2 of immobilised collagen) and control (TCPS, Nunc) after 72 h of cell culture. According to our results in figure 2 , the cell areas of the unmodified PDMS, oxygen plasma-treated PDMS, modified PDMS and control were 109621 mm 2 , 231629 mm 2 , 412635 mm 2 and 400638 mm 2 , respectively.
The results revealed that the capability of the cell spreading on the modified PDMS film with the optimal composition was better than other samples.
Cell proliferation
To investigate the cell proliferation, the numbers of attached cells on the surface of the modified PDMS with the optimal composition compared with those on the unmodified PDMS, oxygen plasma-treated PDMS and control after 24, 48 and 72 h of cell seeding.
As shown in figure 3 , the results revealed that after 24 h of cell seeding, the number of attached cells on the modified PDMS (302647 cells/mm 2 ) was almost comparable with those on the control (290644 cells/mm 2 ) and significantly more than the numbers of the attached cells on the unmodified PDMS (41612 cells/mm 2 ) and oxygen plasma-treated PDMS (110628 cells/mm 2 ). According to figure 3 , while the changes in the numbers of the attached cell on the unmodified and plasma-treated PDMS after 24 and 72 h of cell seeding were negligible, the cell proliferation rate on the surfaces of the modified PDMS was significant and revealed that the modified surfaces with the optimal composition were desirable sites for attachment, spreading and proliferation of the cells.
On the other hand, the cells grown on the surface of the unmodified PDMS, modified PDMS and control were observed with a light microscope after 48 h of cell seeding (figure 4). The number of cells attached and proliferated on the modified PDMS is very significant in comparison with unmodified PDMS and almost equal to the cells grown and proliferated on the control. Moreover, the morphology of the cells on the unmodified PDMS is obviously different from that on the modified films.
In vivo
The migration of the corneal epithelial cells and formation of an epithelial layer on the surface of implant are important factors for the prevention of complications.
In a normal cornea, the epithelial layer plays a key role in normal tear distribution and prevention of microbial invasion. Thus, the absence of the surface epithelium on the prosthesis allows mucous and proteinous deposits to a pathway for infection and contributes to the extrusion of the implant.
According to our macroscopic observations, one of the rabbits died under anaesthesia.
The eyes in the other eight rabbits implanted with modified PDMS films had mild to moderate conjunctiva congestion and were optically clear. All the modified films maintained their position in the corneal stromal pocket.
Furthermore, no significant cellular and flare reactions were observed in the anterior chamber. In all cases, mild to moderate corneal thinning anterior to the implant was observed.
In the control implant (unmodified PDMS film), significant vascularisation and ulceration occurred after 1 week, and the implant was extruded.
Histological examination of the corneal tissue adjacent to the implant revealed that there was acute inflammation and corneal stromal oedema in the wound site. Also, there was no evidence of corneal epithelial cells migration on the surface of implant on the first day after operation (figure 5A).
After 4 days, the acute inflammation and corneal stromal oedema increased. Moreover, angiogenesis, granulation and tissue formation in the incision site were observed. There was also no evidence of the corneal epithelial cell migration and little reaction in the cornea stroma adjacent to the implant (figure 5B).
After 7 days, the acute inflammation and corneal stromal oedema in the wound site decreased. Furthermore, corneal epithelial cells were scattered on the peripheral of the implant ( figure 5C ). The scattering of the corneal epithelial cells was the start of the migration of the cells on the surface of the implant.
The acute inflammation in the wound site decreased more after 10 days, and the corneal epithelial cell migrated to form a cellular layer on the surface of the implant. The corneal cell migration resulted in the formation of an incomplete monolayer cellular sheet on this surface at 10 days ( figure 5D ).
Little inflammatory reaction with mild corneal epithelium and stromal thinning anterior to the implant were observed after 14 days. Moreover, the persistence of the epithelial cells on the surface of the implant and formation of a complete monolayer cellular sheet on this surface were observed (figure 5E). The complete epithelialisation on the surface of the implant occurred after 21 days (figure 5F). Furthermore, the persistence of the corneal epithelial layer on the anterior surface of the implant after 1-and 3-month follow-up with minimal reaction in corneal stroma adjacent to the implant and mild to moderate thinning of the corneal stroma and epithelium anterior to the was observed.
In conclusion, we report the immobilisation of type I collagen onto the modified surfaces to enhance corneal epithelial cell migration on silicone and introduce a new generation of silicone optical core Keratoprosthesis. Not only it is a novel approach that corneal epithelial cells adhere and proliferate on modified silicone used for fabrication a keratoprosthesis, but also longterm maintenance of these cells is the ultimate goal. Future 
